INTRODUCTION
============

Soybean, a high-quality protein source, has been widely used in traditional nonfermented foods, such as soy milk, tofu, and tofu skin, and in fermented foods, such as miso, soy sauce, bean paste, natto, and tempeh. In a previous study, we demonstrated that solid-state fermentation of soybean by *Aspergillus oryzae* (*A. oryzae*) GB107 improves the nutritional quality of soybean food and feed meals \[[@B1]\]. The use of fermented soybean (FS) meal as a replacement for conventional soybean meal improved the efficiency of nutrient utilization and the diarrhea score of nursery pigs \[[@B2]\]. In addition, FS decreased the immune response by lipopolysaccharide in nursery pigs \[[@B3]\].

Obesity is characterized by excessive accumulation and storage of body fat and results in abnormalities in energy storage and utilization. This increase in adipose tissue mass occurs as a result of both hypertrophy and hyperplasia of adipocytes, the latter being due to increased differentiation of preadipocytes \[[@B4][@B5][@B6]\]. The discovery that adipose cells secrete leptin, which regulates food intake and energy homeostasis \[[@B7]\], confirmed the role of adipose tissue as a secretory organ. In addition to leptin, adipocytes have been found to secrete adipokines, i.e., adiponectin, tumor necrosis factor-α (TNF-α), chemerin, and interleukin-6 (IL-6) \[[@B8][@B9][@B10][@B11][@B12][@B13]\]. The development of an *in vitro* preadipocyte culture system has facilitated the elucidation of the mechanism of adipogenesis and has shown that the key players in adipogenesis are peroxisome proliferator-activated receptor-γ2 (PPAR-γ2), CCAAT/enhancer binding protein (C/EBP)-α, C/EBP-β, and sterol regulatory element-binding protein-1c (SREBP-1c) \[[@B5][@B14]\].

Natural and synthetic agents that are effective in prevention of both fat- and sugar-induced obesity can exert anti-obesity effects by increasing lipolysis in white adipocytes and by blocking adipocyte differentiation. FS exhibits several biological functions depending on the microbe used for fermentation \[[@B15]\]. In this study, we investigated whether the soluble extract of soybean fermented with *A. oryzae* GB107 modulates fat accumulation and lipogenesis in cultured 3T3-L1 adipocytes. Our results show that the extract of soybean fermented with *A. oryzae* GB107 could be used to prevent obesity and obesity-induced diseases.

MATERIALS AND METHODS
=====================

SDS-PAGE patterns of FS and NFS protein
---------------------------------------

FS was prepared by a commercial company (Genebiotech Co. Ltd., Seoul, Korea) as previously reported \[[@B1]\]. Water-soluble proteins were extracted from FS and NFS using a modified method based on a previous report \[[@B1]\]. Ground samples (0.125 g) were homogenized for 5 minutes on ice with lysis buffer containing 4 mL of 20 mM Tris-HCl buffer (pH 7.6) including 0.1% sodium dodecyl sulfate, 5 mM dithiothreitol, and 5 µg/mL protease-inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). Homogenized samples were centrifuged at 17,675 × g for 15 minutes at 4℃, and the supernatants were transferred to 1.5-mL microcentrifuge tubes and used for protein analysis. The protein content of each sample was determined using a Protein Assay Kit (Bio-Rad, Richmond, CA, USA). Proteins were subjected to SDS-PAGE using 5-12% gradient polyacrylamide gels. Coomassie blue-stained gels were scanned with a Bioimage system (BioImage, Ann Arbor, MI, USA). The remaining prepared supernatants were used for treatment of cultured adipocytes.

3T3-L1 cell culture and adipocyte differentiation
-------------------------------------------------

3T3-L1 preadipocytes were cultured and differentiated according to methods described in a previous report \[[@B16]\]. Briefly, the cells (5 × 10^4^ cells/well) were plated and grown for 2 days post-confluence in six-well tissue culture plates in DMEM containing 10% fetal bovine serum, and the medium was changed every 48 hours. Cells were induced to differentiate by replacing the medium with serum-containing DMEM with 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 0.25 µM dexamethasone, and 1 µg/mL insulin. Two days later, the medium was again changed to serum-containing DMEM with insulin but no IBMX or dexamethasone. Two days later, the medium was again changed to DMEM containing 10% fetal bovine serum in the absence of any differentiating reagents, and it was replaced every 2 days from that day onward. For experimental purposes, the cells were treated and changed with differentiation medium with vehicle control, FS or NFS extracts (50 µg/ml) every 2 days during their differentiation. For controls, cells were treated with lysis buffer diluted with medium as vehicle. A preliminary dose-finding experiment concluded that a single dose (50 µg/ml) of FS and NFS extracts was suitable. The culture medium was collected every 2 days to examine glycerol release from 3T3-L1 adipocytes. After 10 days of differentiation, fat accumulation was determined by GPDH activity and oil red O staining. In addition, reverse transcription polymerase chain reaction (RT-PCR) was performed to monitor the expression levels of genes associated with adipogenesis.

MTT assay
---------

3T3-L1 preadipocytes were cultured in a 96-well dish. After treatment with FS and NFS for 24 h, a 20 µl aliquot of 3-(4,5-Dimethylthiazol-2-yl)-2,5-dipheny ltetraoliumbromide (MTT, a yellow tetrazole; 5 mg/ml in PBS) was added to the wells, followed by incubation for 24 h at 37℃, as described in a previous report \[[@B17]\]. The supernatant was removed carefully, 200 µl of DMSO was added and mixed, and the absorbance was read at 563 nm.

Oil red O staining
------------------

Cytoplasmic lipid droplets were stained with oil red O, as described in a previous report \[[@B12]\]. Briefly, cells were rinsed three times in phosphate-buffered saline (PBS) and then fixed in 10% (v/v) formaldehyde for 10 min. The cells were washed twice with PBS, followed by staining for 30 min at 37℃ in freshly diluted oil red O (Sigma Chemical Co., St. Louis, MO, USA) solution (six parts oil red O stock and four parts H~2~O; oil red O stock solution is 0.5% oil red O in isopropanol), followed by further washing with PBS. The stained cytoplasmic triglycerides were visualized and photographed using a microscope. For quantification of oil red O content, the cells were washed 3 times with distilled H~2~O for removal of background staining, and isopropanol was added to resolve oil red O. The OD~510~ nm of the de-staining isopropanol was measured by spectrophotometry.

GPDH (glycerol-3-phosphate dehydrogenase) activity
--------------------------------------------------

To monitor the differentiation of preadipocytes, the activity of the marker enzyme GPDH was analyzed using a commercial kit (GPDH activity measuring test; Hokudo, Sapporo, Japan), according to our previous report \[[@B18]\]. The protein content of each sample was determined using a Protein Assay Kit (Bio-Rad, Richmond, CA, USA).

Glycerol measurement
--------------------

Lipolytic activity was measured based on glycerol release from 3T3-L1 adipocytes over 2 days during treatment with FS or NFS extracts. Glycerol levels in the culture medium were analyzed using a Glyceride E-test Wako kit (Wako Pure Chemical Co. Ltd., Osaka, Japan).

Semi-quantitative RT-PCR
------------------------

Total RNA from 3T3-L1 cells was extracted using Trizol® reagent (Gibco/Invitrogen BRL, Rockville, MD). Semi-quantitative RT-PCR was performed as previously described \[[@B19]\] to determine the mRNA expression levels of leptin, adiponectin, and adipogenin. β-actin, a house-keeping gene, was used as the internal control.

Total RNA (1 µg) was incubated at 70℃ for 5 minutes. After heating, the RNA was chilled rapidly on ice. Then, it was reverse-transcribed for synthesis of cDNA in a 20 µl RT reaction containing ReverTra ACE® (Toyobo, Osaka, Japan) and oligo-dT primers. The mixtures were incubated at 30℃ for 10 minutes, 42℃ for 60 minutes, and 95℃ for 5 minutes. The RT products were used for subsequent PCR amplification with 20-35 cycles, which is the linear increasing phase of the PCR products.

The PCR components included the following: 10 µL of Go Taq® Green Master Mix (Go Taq® Green Master Mix, Promega, Madison, WI, USA), 1 µL of primer mixture (1 pmol/µL), 1 µL of cDNA sample, and 8 µL of nuclease-free water. The primer sequences, product sizes, number of amplification cycles, and annealing temperatures used for semi-quantitative RT-PCR are shown in [Table 1](#T1){ref-type="table"}. PCR products were resolved on a 1.5% agarose gel, and the DNA was visualized by ethidium bromide staining and analyzed using ImageJ 1.47. The mRNA levels of leptin, adiponectin, and adipogenin were normalized based on the mRNA level of β-actin.

Statistical analysis
--------------------

The results are representative of at least three independent experiments and expressed as the mean ± SEM values of three or six wells in each experimental group. Differences in the means of each treatment were determined by Duncan test. The level of significance was uniformly set at *P* \< 0.05.

RESULTS
=======

Protein profile of FS and NFS extracts
--------------------------------------

The profiles of water-soluble proteins extracted from FS and NFS were examined and confirmed using SDS-PAGE gels. FS extracts contained higher levels of low-molecular-weight proteins (24-30 kDa) than NFS extracts ([Fig. 1](#F1){ref-type="fig"}), and levels of low-molecular-weight proteins below 17 kDa were higher in FS extracts than in NFS extracts.

Effect of FS and NFS extracts on 3T3-L1 cell viability
------------------------------------------------------

We performed an MTT assay to determine whether FS and NFS treatment affects cell viability in 3T3-L1 preadipocytes. The MTT assay revealed no changes in preadipocyte viability at all tested concentrations of FS and NFS ([Fig. 2A and B](#F2){ref-type="fig"}).

Morphological changes in differentiated adipocytes treated with FS and NFS extracts
-----------------------------------------------------------------------------------

To investigate the effect of FS and NFS extracts on 3T3-L1 preadipocyte differentiation, cells were treated with soybean extracts with a dose of 50 µg/ml. On microscopic examination, the FS extract-treated cells showed a low adipocyte number and a lower degree of adiposity compared with that for all other treatments ([Fig. 3A, B](#F3){ref-type="fig"}). No changes were observed in adipocytes treated with lower doses of 50µg/ml. In addition, the lowest optical density values were obtained for adipocytes treated with FS extract ([Fig. 3C](#F3){ref-type="fig"}).

GPDH enzyme activity in differentiated adipocytes treated with FS and NFS extracts
----------------------------------------------------------------------------------

GPDH occupies a central position in the triglyceride synthesis pathway, at the point where it branches from the glycolytic pathway \[[@B20]\]. Therefore, GPDH enzyme activity was measured in differentiated adipocytes treated with FS or NFS extracts. GPDH enzyme activity was significantly lower in differentiated adipocytes treated with the FS extract than in cells treated with the NFS extract ([Fig. 4](#F4){ref-type="fig"}).

Glycerol release from differentiated adipocytes treated with FS and NFS extracts
--------------------------------------------------------------------------------

To determine the effects of FS and NFS extracts on lipolysis, glycerol release into cell culture medium was measured during adipocyte differentiation. After 8 days of adipocyte differentiations, treatment of FS extract group was enhanced glycerol release whereas treatment of NFS extract group was significantly blocked ([Fig. 5](#F5){ref-type="fig"}).

Levels of gene expression in differentiated adipocytes treated with FS and NFS extracts
---------------------------------------------------------------------------------------

Significantly lower mRNA levels of leptin and adiponectin were observed in adipocytes treated with the FS extract compared to those treated with the control and NFS ([Fig. 6](#F6){ref-type="fig"}). However, the levels of PPAR-γ2, SREBP-1c, HSL, and ATGL expression did not change among the treatments. The expression levels of adipophilin and adipogenin were lower than those of control and NFS.

DISCUSSION
==========

To the best of our knowledge, this report is the first to demonstrate that the water-soluble extract from soybean fermented with *A. oryzae* GB107 inhibits fat accumulation and GPDH activity, stimulates lipolysis in adipocytes, and downregulates leptin and adiponectin gene expression. Fat accumulation and lipogenesis could be inhibited by one or multiple components extracted from FS. In comparison of FS and NFS extracts by protein electrophoresis, we observed that the FS extract consisted of more low-molecular-weight proteins (24-30 kDa and less than 17 kDa) than the NFS extract. Several types of enzymes break the large proteins in soybean to small molecules such as peptides and amino acids, which contribute the unique sensory and functional properties of the final products \[[@B15]\]. To date, many studies have reported on the anti-obesity and anti-lipogenic effects of soybean \[[@B17][@B21][@B22][@B23][@B24][@B25][@B26]\]. For example, black soybean anthocyanins have been reported to inhibit preadipocyte proliferation and lipid accumulation during differentiation and to reduce basal lipolysis in 3T3-L1 cells \[[@B18]\]. β-Conglycinin protein is a source of active peptides that inhibit fatty acid synthase activity and lipid accumulation in human adipocytes and 3T3-L1 adipocytes \[[@B21][@B22]\]. Peptides from meju, long-term fermented soybeans, enhance the antidiabetic effect of soybeans *in vitro* \[[@B27]\]. Natto water-soluble fractions, comprising a low-molecular-weight viscous substance, and soybean water-soluble extract exert inhibitory effects on the oxidation of low-density lipoproteins, prevent arteriosclerosis, reduce lipid peroxidation, and improve lipid metabolism *in vivo* and *in vitro* \[[@B28][@B29]\]. Soybean saponin improves cholesterol metabolism by stimulating the excretion of bile acid \[[@B23][@B24][@B25][@B26]\]. Lunasin has been shown to have the biologic properties of anti-inflammatory activities \[[@B30]\]. In this study, the active components in the FS extract responsible for the inhibitory effect on fat accumulation and lipogenesis were not identified; therefore, further studies are needed in order to characterize the components with anti-lipogenic activity.

Expression of adiponectin and leptin genes increases during adipocyte differentiation and fat accumulation. A decrease in adiponectin and leptin mRNA levels was observed in adipocytes treated with the FS extract, while adipophilin and adipogenin mRNA levels decreased. However, the expression of PPAR-γ2 and SREBP-1c, which are transcription factors involved in adipocyte differentiation, did not differ between NFS and FS extract-treated adipocytes. In this study, the expression levels of adipogenic genes were analyzed in cultured cells that were continuously treated for 10 days. This result suggests that NFS treatment did not affect the degree of adipocyte differentiation. Furthermore, these results suggest the possibility that fat accumulation and lipid storage are inhibited by the proteins in FS. However, no significant difference in the mRNA levels of HSL and ATGL, targeted genes of PPAR-γ2, were observed between groups In addition, no difference in mRNA levels of SREBP-1c and its downregulated gene ACC were observed for the NFS and FS extracts (ACC data was not shown). The inhibition of fat accumulation that we observed in this study involved several processes: (1) reduction in the activity of GPDH, an enzyme involved in fat synthesis; (2) reduced transcription of adipogenin mRNA, associated with fat cell differentiation; (3) reduced transcription of adipophilin mRNA, associated with formation of the fat droplet membrane; and (4) increased glycerol release from adipocytes in culture medium.

In conclusion, the water-soluble protein extracted from soybean fermented with *A. oryzae* GB107 inhibited fat accumulation and lipid storage in 3T3-L1 adipocytes. Therefore, FS components could be important food ingredients for control of lipid accumulation in adipose tissue.
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![Distribution of the water-soluble proteins extracted from FS and NFS. Approximately 25 µg of protein was loaded per lane.\
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![Effect of (A) FS and (B) NFS on the viability of 3T3L-1 preadipocytes by MTT assay.\
Values are expressed as a percentage survival compared to control (0 µg/ml) after 24 h incubation.](nrp-9-439-g002){#F2}

![Morphological changes in 3T3-L1 cells cultured with NFS extract (50 µg/ml) or FS extract (50 µg/ml).\
(A) After 10 days, the cells were fixed and stained with oil red O for detection of oil droplets. (B) Magnified photographs of 3T3-L1 adipocytes cultured with NFS extract (50 µg/ml) or FS extract (50 µg/ml). (C) The stained cells were destained with isopropanol, and the OD of the de-staining isopropanol was measured by spectrophotometry. Values are expressed as mean ± SEM (n = 6). ^ab^Mean values with different superscripts are significantly different (*P* \< 0.05).](nrp-9-439-g003){#F3}

![GPDH activity of 3T3-L1 adipocytes cultured with NFS (50 µg/ml) or FS extract (50 µg/ml) for 10 days. Values are expressed as mean ± SEM (n = 6).\
^ab^Mean values with different superscripts are significantly different (*P* \< 0.05).](nrp-9-439-g004){#F4}

![Glycerol release from 3T3-L1 adipocytes on days 0, 2, 4, 6, 8, and 10 after induction of adipocyte differentiation.\
3T3-L1 cells were cultured with NFS extract (50 µg/ml) or FS extract (50 µg/ml) after induction of differentiation. Data were normalized with respect to 100% for the control at day 0. Values are expressed as mean ± SEM (n = 3). ^ab^Mean values with different superscripts are significantly different (*P* \< 0.05).](nrp-9-439-g005){#F5}

![Expression levels of adipogenic-associated genes in 3T3-L1 adipocytes cultured with NFS (50 µg/ml) or FS (50 µg/ml) extracts for 10 days.\
The data were normalized to β-actin mRNA levels, and values are expressed as the fold-value of that obtained for the control. Values are expressed as mean ± SEM (n = 3). ^ab^Mean values with different superscripts are significantly different (*P* \< 0.05).](nrp-9-439-g006){#F6}

###### Primers and conditions for semi-quantitative RT-PCR
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^1)^ Tm: Melting Temperature

^2)^ HSL: hormone-sensitive lipase

^3)^ ATGL: adipose triglyceride lipase
